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We studied nonradiative recombination centers in undoped (Al,Gai _ x)o.sInssPgrown by 
metalorganic vapor phase epitaxy using transient capacitance spectroscopy. We found 
three deep energy levels, including a mid-gap level. We drew an equation to get a capture 
cross section for minority carriers, and obtained it using isothermal capacitance 
transient spectroscopy measurement. The mid-gap level had an electron capture cross section 
of 2 X 10 - lo cm2 and a hole capture cross section of 1 x 10 - I5 cm2. The time 
constant of nonradiative recombination through the mid-gap level was found to be comparable 
to that of radiative recombination. We concluded that the mid-gap level is an etIective 
nonradiative recombination center that reduces photoluminescence intensity. 
I. INTRODUCTION 
The (Al,Gai _ X)o.sIncsP alloy system, lattice matched 
to GaAs, is an attractive material for visible-light laser 
diodes because it has a direct energy-band gap correspond- 
ing to a wavelength from 540 (X =0.7) to 680 nm 
(X = O).’ We can shorten the lasing wavelength by increas- 
ing the Al composition, x, of the active layer or using 
quantum well (QW) active layers. We have not yet real- 
ized room-temperature continuous wave (cw) operation of 
the lasers whose wavelength was shorter than 633 nm.26 
This is probably because the radiative efficiency of this 
material tends to decrease with increasing X. It is reported, 
for example, that the photoluminescence (PL) intensity of 
(Alc3Gas7)o.sIno.sP is less than one tenth that of 
G%.51%.6P~7’8 
The band structure of this material is known to ap- 
proach the direct-indirect crossover point with the increase 
in X,~ but this hardly affects radiative efficiency if x is less 
than 0.5, based on our calculation of electron lifetime in 
the I band and taking into consideration the change in the 
carrier distribution when X-band minima approach I’- 
band minima. We therefore suspected that recombination 
centers of some kind reduced it. 
. 
Some researchers have studied deep energy levels in 
this material, l”T1 ’ but limited their work to electron trap- 
ping centers related to doping impurities such as Si and Se. 
We, however, need to quantitatively examine the interac- 
tion of the deep energy level with both electrons and holes 
to determine the level that reduces radiative efficiency. To 
our knowledge, no reports have been made on deep energy 
levels that degrade PL intensity. 
In this paper, we present a study of recombination 
centers in (Al,Gai -&InesP grown by metalorganic va- 
por phase epitaxy (MOVPE) . We found three deep energy 
levels using deep level transient spectroscopy (DLTS). We 
obtained the concentration of the levels, the capture cross 
sections for electrons, and the activation energies by ana- 
lyzing DLTS data. We drew an equation to get the hole 
capture cross section, and obtained it using isothermal ca- 
pacitance transient spectroscopy (ICTS),12 while varying 
the number of injected holes. Using deep energy levels pa- 
rameters, we estimated the time constant of nonradiative 
recombination r, and determined nonradiative recombina- 
tion centers by comparing rnr with the time constant of 
radiative recombination, r,.. 
II. EXPERIMENT 
We used undoped (Al,Gai _ X)o.sInssP epitaxial layers 
grown by low-pressure MOVPE on (100) oriented 
n + -GaAs substrates. Al composition x ranged from 0 to 
0.7. The growth temperature varied between 670 and 
730 “C! with a V/III ratio of about 200. Grown layers were 
2 pm thick. All samples showed n-type conductivity with a 
carrier concentration of (2-40) X lOi cm - 3, obtained 
from capacitance-voltage measurements at room tempera- 
ture. 
We fabricated Schottky barrier diodes and 
p ’ n-junction diodes. We obtained the p + n-junction by 
growing a p + layer dope d w’ ith Zn on the undoped n-type 
AlGaInP layer. We made Schottky barrier contacts by 
evaporating Au on the epitaxial layer, and made ohmic 
contacts either by evaporating AuGe (n type) or AuZn (p 
type), followed by thermal annealing at 400 “C. Diode di- 
ameter ranged from 400 to 600 pm. We did DLTS mea- 
surements using Schottky barrier diodes between 80 and 
500 K and ICTS measurements using p + n-junction di- 
odes. We used an impurity analyzer DA- 1500 (Horiba) for 
the ICTS measurement, working with the capacitance 
transient between 5 ps and 10000 s. The detection limit of 
deep level concentration is about one thousandth of the 
background carrier concentration. We measured photolu- 
minescence at room temperature using an Ar + laser 488- 
nm line with an excitation density of about 200 W/cm2. 
III. RESULTS AND DISCUSSION 
A. Electron trapping centers 
Figure 1 shows a typical DLTS spectrum for a sample 
with an Al composition of 0.5. We detected three electron 
trapping centers, Dl, 02, and 03. We calculated the con- 
centration of each trap by 
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FIG. 1. DLTS spectrum of MOVPE-grown (Al&a,&,J~,P. 
+(‘““c”‘“‘)/[ (q- (g], (1) 
where N, is the concentration of shallow impurities, AC(O) 
the capacitance change due to the pulse at t = 0 (just after 
pulsing), C the junction capacitance, x the depletion layer 
width at the quiescent reverse bias, and xp the depletion 
layer width when the pulse is added. In this calculation, we 
take into consideration the part that is not ionized in the 
depletion layer (the il effect13). The concentration of Dl 
was 2 X 1015 cm - 3, that of 02 8 X lOI cm - 3, and that of 
03 6~ lOI cme3. 
and 02 were both below the detection limit of 1012 
cm -3andthatofD3was l~lO’~crn-3atx=0. 
Figure 4 plots activation energies as a function of x. 
We obtained activation energies and capture cross sec- 
tions for electrons, a,,, from an Arrhenius plot (Fig. 2). 
The activation energy was 0.43 eV for Dl, 0.50 eV for 02, 
and 1.3 eV for 03. The capture cross section was 6 X 10 - I3 
cm” for Dl, 1 X lo- l5 cm2 for 02, and 2~ 10-i’ cm2 for 
03. Note that D3 has the largest a,,. 
Activation energies of Dl and 02 are almost independent 
of x, but that of 03 increases with x. Figure 5 is a band 
diagram of (AI,Gai -X)o.51nc5P at room temperature, in- 
cluding detected traps. We calculated the energy band gap, 
Es, as Eg = 1.9 + 0.6x (eV)’ and assumed that the con- 
duction-band discontinuity was 40% of the band-gap 
difference.14 Dl and 02 are both near the edge of the con- 
duction band. 03 is near the middle of the band gap and 
remains at a constant energy level with respect to the va- 
lence band. This is discussed later. 
B. Interaction with holes 
Figure 3 plots the concentration of each trap as a func- Double-carrier-pulse deep-level transient spectroscopy 
tion of the Al composition which is determined by electron (DDLTS) method is used to study the interaction of a 
probe micro analysis (EPMA) . Overall trap concentration deep energy level with minority carriers qualitatively. 15*16 
decreased with the decrease of x. The concentrations of Dl In the method, a change of junction capacitance is inves- 
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FIG. 2. Arrhenius plot of the electron trapping centers in 
Wb.+do.&.P. 
Al composition x 
FIG. 3. Concentration of traps as a function of Al composition. Growth 
was at 690 “C. 
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FIG. 4. Activation energy of traps as a function of Al composition. 
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FIG. 5. Band diagram of (A&Gal _ x)o,sIn,,SP/GaAs.Deep energy levels FIG. 6. ICTS peak intensity of traps as a function of the width of the hole 
are plotted using measured activation energies. injection pulse. The Al composition of the sample is 0.5. 
tigated with injecting minority carriers. We drew the equa- 
tion to get a quantitative capture cross section for the mi- 
nority carriers, holes. When the concentration of injected 
holes, p, is much less than background carrier concentra- 
tion n, the hole density captured by deep energy levels in 
pulse duration tj is expressed as 
ptOi9 =NdpCJ(nC, +pC,) 1 
XC1 - exp[ - (nc, +PC,9till, (29 
p= (nt/n9exp(qV/kT9, (39 
where Cp is the capture rate for holes, C,, the capture rate 
for electrons, ni the intrinsic carrier concentration, q the 
charge, V the forward applied voltage, k the Boltzmann 
constant, and T absolute temperature. Cp and C,, are given 
by 
cp=g-p, c,=a,v,, (49 
where up = (3kT/mh9 1’2 is the average thermal velocity of 
holes and v, = (3kT/m,9 l/2 iS that of electrons. Here mh is 
the hole effective mass and m, the electron effective mass. 
The ICTS signal intensity, S, is proportional to captured 
electron density nr=NT-p, so we obtain the following 
equation: 
S(ti)/S( w 1 - l=(pC/nC,)exp[ - W, +PCp)til* (59 
We get pCP from the slope and the y intercept of 
log[S(tj)/S( co ) - l] - ti plot, and can calculate ap 
using Eqs. (39 and (4). 
Figure 6 plots the ICTS signal intensity of traps as a 
function of the width of the hole injection pulse. Measure- 
mentwasat210KforDlandat4OOKforD2andD3.We 
used a quiescent reverse-bias voltage of - 3 V and an 
applied pulse height of 4.2 V. Pulse width ti varied from 1 
ms to 1 s. The Al composition of the sample is 0.5. The 
intensity of 03 decreases as ti increases and saturates at ti 
of 100 ms, while the intensities of Dl and 02 are indepen- 
dent of tp This indicates that 03 captures holes, too, and 
the capture saturates at ti of 100 ms. We know that 03 acts 
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as a recombination center, but neither Dl nor 02 captures 
holes in this pulse width range. 
The sample had a carrier concentration, n, of 5 X 10” 
cme3. p was given as about 1 X lo9 cm - 3 from Eq. (3 9. 
We estimated ap of 03 to be 1 X lo-t5 cm2 using ti data 
ranging from 1 to 10 ms using Eqs. (4) and (5). Those of 
Dl and 02 were both estimated to be less than 1 x 10 - l8 
cm2. In that calculation, we used hole effective mass mh 
= 0.62mo (Ref. 179 and electron effective mass m, 
= 0.094m0,‘8 values in GaesIncsP. Table I summarizes the 
parameters of the deep energy levels detected in this study. 
To determine which levels reduce the efficiency of ra- 
diative recombination, we estimated the time constant of 
nonradiative recombination, 7 N = (~,VflT) - 1 
+ bpqc-1 -I. That of both Dl and 02 exceeded 30 ys 
because of the very small capture cross sections for holes. 
That of 03 was 9 ns, when NT was 6 X lOI cm - 3 (Table 
I). We obtained the time constant of radiative recombina- 
tion rr by calculating the transition probability between the 
conduction and valence bands using the time-dependent 
perturbation theory.” We calculated it assuming the fol- 
lowing: (i) conduction and valence bands are parabolic, 
(ii) the k-selection rule is held, and (iii) the optical matrix 
element is constant. rr depends on background carrier con- 
centration n and excited carrier density An. rr at room 
temperature was calculated to be from 10 ns to several 
hundred ns, given that n was between 5 x 1015 and 5 x lOI6 
cms3 and An was between 1 x lOI and 1 x 10” cm - 3. 
rr decreases as An increases based on the calculation. 7, of 
03 is comparable to rr, even when An is 1 X 1018 cm - 3, 
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FIG. 7. PL peak intensity at room temperature as a function of 03 
concentration. The Al composition of the sample is 0.5. 
laser oscillation occurs. From this result, we know that 03 
reduces radiative efficiency. 7, of Dl and 02 is much 
larger than rr and does not reduce efficiency. 
Figure 7 plots the PL intensity at room temperature as 
a function of the 03 concentration. We reduced the 03 
concentration by high-temperature growth. PL intensity 
increases as 03 concentration decreases, a result support- 
ing the idea that 03 is a nonradiative recombination cen- 
ter. 
The 03 level shows odd behavior, i.e., it remains at a 
constant energy level to the valence band. The deep energy 
levels with the similar behavior have been reported in 
A1GaAs.2”21 Levels are believed to originate as a lattice 
vacancy of group-III elements in the literature. In a tetra- 
hedral semiconductor, the vacancy state is said to be va- 
lence-band-like, given the analogy of surface dangling bond 
states.‘0’22 We infer the origin of the 03 level we detected 
to be related to a lattice vacancy. However, this needs more 
study to determine the exact origin of 03. 
It is important to clarify a recombination center which 
deteriorates the radiative efficiency. We need to show that 
r,, is less than rr to pinpoint such a center. This is the first 
study, to our knowledge, to analyze nonradiative recombi- 
nation centers in (Al,Gai _ ,)o.sInesP based on such a pro- 
cedure. 
IV. CONCLUSION 
We studied deep energy levels in (Al,Gat,- x)o.51ne.sP 
grown by MOVPE using transient capacitance spectros- 
copy. We drew an equation to get a capture cross section 
for minority carriers, and obtained it using ICTS measure- 
ment. We found three, previously unknown, deep energy 
levels and analyzed them. Dl and 02 are both near the 
edge of the conduction band and 03 is near the middle of 
the energy band gap. 03 interacts with both electrons and 
holes, and the recombination rate through this. level is 
comparable to that through the energy-band gap. We con- 
clude that 03 is a nonradiative recombination center re- 
ducing radiative efficiency. Dl and 02 do not act as effec- 
tive recombination centers because of the very small 
capture cross sections for holes. 
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